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Abstract 
 
The disturbing current situation regarding the world climate has initiated a 
major wave of urgent developments towards decreasing the overall impact of 
human activities on the living environment.  A major role player in this 
development is the automobile industry that is inherently connected to 
pollution of various types, be it air, water or noise pollution. There have been 
drastic changes not only in the technologies employed in producing vehicles 
and components, but also in the construction and technologies built into 
modern automobiles to lessen the overall environmental impact of the 
industry. Noxious emissions have been decreased, overall efficiencies 
increased and vehicles are becoming more economical with each new 
generation. Stricter laws dictate that the level of acceptable vehicle emissions 
is to be decreased ever further and all manufacturers are developing various 
possibilities to achieve this.  
 
With the emergence of hybrid vehicle technology, there was also a sudden 
development of different electrical systems that were made viable by the 
higher onboard voltage systems employed in hybrid vehicles. One of these 
developments was the electrical air conditioning compressor for use in 
automobile applications. Although it is designed to operate with a higher 
voltage than the traditional 12V onboard vehicle systems, it is theoretically 
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possible to incorporate it into a 12V system by making use of a DC-DC 
converter to step up the supply voltage of the electrical compressor 
sufficiently to allow for its successful operation. The question therefore arises 
whether it would be feasible and sensible to employ an electrical air 
conditioning system in conventional combustion engine vehicles from an 
overall fuel consumption and vehicle emissions point of view.  
 
A modelling approach was taken where an overall vehicle driving simulation 
was created to represent an average modern production vehicle. The 
simulation was then extended to include the options of incorporating models 
for both mechanically and electrically driven air conditioning systems. This 
provides insight into the influences of the air conditioning system on the 
vehicle’s overall fuel consumption and an opportunity to compare the 
influences from the two different systems.  
 
This study attempted to provide answers to some of the viability questions 
regarding the incorporation of electrically driven air conditioning systems into 
vehicles that use standard 12V onboard voltage systems. It was found that 
the electrical system has definite potential as a viable replacement option for 
the conventional system should it be combined with an appropriate alternator 
and equipped with an efficient control system.  
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1 - Chapter 1 -  
Background 
Climate and environmental change has become an important discussion 
topic increasing exponentially in urgency and importance amoung world 
leaders of all disciplines. The human race has finally become concerned 
about the future of the planet that harbours its existence since the changing 
climate conditions have become increasingly severe and has influenced 
countless lives very directly in the past few years [1]. 
 
Climatic changes are brought about by the emission of so-called Greenhouse 
gases from human activities. According to the US government’s National 
Oceanic and Atmospheric Administration, the rate of carbon dioxide (CO2) 
accumulation in the Earth’s atmosphere is rising at a rapidly increasing rate. 
The increase of CO2 emissions from 2004 to 2005 was determined at 
2.6ppm. An increase of over 2ppm per year has been occurring for three of 
the past four years while previously the number has not increased by more 
than 1ppm since recording started in the 1950s [2]. 
 
The primary cause of CO2 emissions is the burning of the Earth’s supply of 
non-renewable natural fossil fuels like coal, oil and natural gas. The burning 
of fossil fuels currently accounts for up to approximately 7 billion tonnes of 
carbon emissions per year [2]. The world first agreed upon attempts for the 
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prevention of “dangerous” climatic changes at the Earth Summit in 1992. The 
Kyoto Protocol of 1997 was the first step toward protection of the atmosphere 
and prescribed restrictions on emission pollutants.  
 
The depletion of non-renewable fuel resources is another prevailing 
worldwide problem. The world’s demand for energy is overwhelming and also 
ever increasing despite all efforts to develop and implement energy saving 
strategies and processes. Not only is the supply of these high energy natural 
fuels limited, but their use also puts an increasing strain on the planet, 
endangering both health and environment. Experts are in unison that the 
peak of oil production will be reached when approximately half of the 
estimated ultimately recoverable reserves of oil in the world have been 
produced [4]. There is consensus amoung experts that the total resource 
value of oil lies between 1800 and 2200 billion barrels and according to a 
study conducted in 2003, the world has consumed more than 875 billion 
barrels to date [5]. 
 
The current climatic situation marks a pivotal point for life on Earth where the 
responsibility rests not only upon the moral values of the human race, but is 
also fuelled by the most basic of human instincts: survival. The amount of 
CO2 emissions will have to be reduced by between 70% and 80% just to 
stabilize the atmospheric concentrations. This means that in order to prevent 
the destruction of human living conditions on Earth, there is a desperate 
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need for fast and effective reduction of both the burning of fossil fuels as well 
as all other forms of CO  producing processes [2]. 2
 
The automobile industry is often mentioned at the forefront of discussions 
about emissions because not only is it responsible for producing vehicles that 
emit noxious gases, but also employs processes in the production that are 
not always environmentally friendly. Therefore all automobile manufacturers 
and their suppliers are collectively working at the development of measures 
to reduce overall fuel consumption and emissions of their vehicles and 
products, as well as the overall impact of their processes on the environment. 
Reducing overall fuel consumption provides significant gains in various 
aspects of environmental conservation. Not only do vehicles with lower 
consumption require less fossil fuels, but they also have a significantly lower 
emission rate in comparison to less effective vehicles having a higher fuel 
consumption. 
 
Hybrid vehicle technology sparked a sudden development of new electrical 
systems for production vehicles that were made possible because of the 
higher onboard voltage systems that are used in hybrid vehicles. The 
electrical air conditioning compressor for use in automobile applications is 
one such a development. It is actually designed to operate with a higher 
supply voltage than the traditional 12V onboard vehicle systems, but it is 
theoretically possible to incorporate it into a 12V system by making use of a 
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DC-DC converter in order to reach the required voltage level to operate the 
electrical compressor successfully. In the light of the aforementioned 
environmental issues, the question then arises regarding the feasibility and 
sensibility of employing an electrical air conditioning system in conventional 
combustion engine vehicles in an attempt to reduce the overall fuel 
consumption and vehicle emissions.  
1.1 Aim of the project 
The project will attempt to provide some insight with regard to the fuel 
consumption issues surrounding the integration of an electrical air 
conditioning system into conventional combustion engine vehicles that 
employ traditional 12V onboard voltage systems.  
1.2 Objectives  
One of the primary objectives is the creation of a suitable simulation 
environment that will not only allow for the calculation of predicted vehicle 
fuel consumption, but will also provide the opportunity to incorporate different 
types of loads on the vehicle during driving. Furthermore a simulation of a 
standard vehicle air conditioning system is to be developed that should offer 
the possibility to incorporate both an electrical compressor as well as a 
conventional mechanical compressor. It should then also be possible to 
combine these air conditioning models with the vehicle simulation by adding 
them as loads to the engine during driving simulations to provide insight into 
the influences of air conditioning on the overall vehicle fuel consumption. An 
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experimental setup of an automotive air conditioning system will provide a 
good basis for the simulation and could also provide the possibility to run 
experimental tests with different compressors on the same air conditioning 
system.  
1.3 Methodology 
A Volkswagen Polo 9N 2003 model will form the basis of the general 
simulation. Therefore the air conditioning system that will be constructed as 
an experimental setup will be copied and equipped with sensors and data 
acquisition hardware and software in order to provide a realistic 
representation of the system as built into the production vehicle. Further 
experimental tests will be performed on the vehicle itself to determine the 
various inherent vehicle parameters that are required to enable the overall 
vehicle simulation.  
 
The simulation will be created in the development environment of 
Dymola/Modelica and also incorporate various components from the 
commercially available AC Library from Modelon in Sweden as well as the 
TIL Library as developed by TLK Thermo in Braunschweig, Germany.  The 
simulation will be constructed to contain three major parts. The first being the 
overall vehicle simulation which will provide basis information regarding the 
expected fuel consumption of the vehicle under the conditions that are 
prescribed in the New European Driving Cycle (NEDC). The second and third 
parts consist of the two relevant air conditioning models, each including the 
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mechanical and electrical compressor respectively. These models will then 
be combined with the overall vehicle model to enable a comparison of the 
performance of each system with regard to the overall fuel consumption for 
the duration of the NEDC.  
1.4 The significance of fuel consumption 
Specific fuel consumption is defined as the ratio of the fuel mass flow of an 
engine to its output power in specified units[20], for example the International 
System (SI) units of kilograms per hour per kilowatt [(kg/h)/kW]. The better 
known version of this definition as understood by most drivers of automobiles 
is the fuel consumption rate which is the ratio of the number of kilometers 
travelled to the number of liters of fuel burned by the engine. This may be 
expressed in units of liter per hour, liter per 100km or kilometers per liter.  
1.4.1 Influences on fuel consumption 
The fuel consumption rate of an engine can be influenced by multiple factors 
and multiple processes simultaneously. Countless studies have been 
conducted, each focusing on a single influencing factor or a combination of 
several different processes that make up the engine’s fuel consumption rate 
at given times or efficiencies. These influences range from uncontrollable 
factors like road surfaces and environmental conditions to different driving 
styles. The engine size, overall engine efficiency, combustion timing and 
various other mechanical factors and electronically controlled processes 
make up a significant part of the fuel efficiency with which an engine can 
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operate. A particular point of interest is the efficiency and control of the 
various aggregates that are required to produce vehicles according to the 
requirements and expectations of the modern clientele. These aggregates 
range from water and oil pumps to power steering pumps and air conditioning 
compressors. It is possible to optimize the overall efficiency of these 
aggregates not only by mechanical design, but also by controlling them 
efficiently under the various conditions that occur during a driving cycle. The 
complexity of the composition of the overall fuel consumption rate of a 
vehicle dictates that in most cases only one factor or process can be 
analyzed and optimized at any given time. The course of this project will 
investigate the specific influence of the currently used belt driven 
compressors versus the influence of the relatively new technology electrically 
driven compressors.  
1.4.2 Why reduce air conditioning consumption? 
Air conditioning systems have become standard in modern automobiles and 
drivers are generally aware of the fact that the use of an air conditioning 
system has a significant influence on the overall fuel consumption of a 
vehicle. Results vary according to the studies conducted, but the increase in 
annual average fuel consumption when employing an air conditioner lies 
between 0,6 to 1,1 Liter per 100km [6]. This is a rather significant percentage 
considering an annual average fuel consumption of 8,1 Liter per 100km for 
an average private vehicle as determined in 2003  [7]. It is therefore this 
significant portion of the average overall fuel consumption that will be 
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investigated and a conclusion will be drawn as to whether there are 
significant advantages or disadvantages to using either of the systems in 
question. 
1.4.3 Possibilities to reduce air conditioning fuel consumption 
The most obvious answer to the question as to how the fuel consumption 
influence of the air conditioning systems can be reduced is to remove the 
system from the vehicle entirely and abandon the idea of air conditioning 
completely. This is however not a very well accepted point of view and 
modern vehicles are expected to be equipped with these systems.  
There are different strategies of reducing the percentage of overall vehicle 
fuel consumption that is allocated to the air conditioning system. Some 
possibilities are keeping the compressor functioning at an optimal operating 
point under all driving and environmental circumstances; only switching the 
system on when it is actually needed or controlling the actual required 
cooling capacity to keep the cabin temperature constant instead of 
permanently running at maximum cooling capacity. 
1.5 Structure of the report 
In the following chapters some basic principles regarding air conditioning will 
be discussed (Chapter 2) and some information will be provided concerning 
the types of compressors that are employed during the project (Chapter 3). 
All relevant parts of the experimental setup are discussed in Chapter 4 and 
the simulation tools that were used are included in Chapter 5. The individual 
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procedures for determining the various parameters that are needed to 
construct the simulation models are then considered in some detail in 
Chapter 6, leading up to the discussion of the project results in Chapter 7. 
Chapter 8 comprises a short summary and a section on future developments 
with some suggestions for further research concludes the report. 
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2 - Chapter 2 - 
Basic principles of automotive air conditioning 
The schematic block diagram in Figure 2.1 represents a simplified standard 
cycle as used in most air conditioning applications. The Figure depicts only 
the four major components of an air conditioning system. Although there 
have been various developments of application specific, goal-oriented and 
efficiency increasing components in modern air conditioning systems, these 
are the four standard components on which the cooling principle of an air 
conditioning system rests. Therefore only these components will be 
discussed in the following section. 
 
 
Figure 2.1 Major components of automotive air conditioning 
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An air conditioning system consists primarily of four major parts responsible 
for the various state changes required from the refrigerant in order to produce 
the cooling capacity of the system. The system that will be discussed in the 
following subsections is from a 2003 model Volkswagen Polo 9N.  
2.1 Compressor 
The compressor is the heart of an air conditioning system and is responsible 
for the flow of the refrigerant through the various components of the system. 
The air conditioning system is divided into a high pressure (discharge) and 
low pressure (suction) side. The function of the compressor is to increase the 
pressure of the refrigerant on the high pressure side in order to allow for 
expansion of the refrigerant into the low-pressure side of the circuit. 
In older air conditioning systems, the compressor was equipped with a 
magnetic clutch that enabled the compressor to be disconnected from the 
engine when it is not needed. These compressors were constant 
displacement and the cooling capacity of the air conditioning was regulated 
by means of engaging and disengaging the clutch, thereby connecting and 
disconnecting the compressor from the refrigeration cycle. In modern 
automotive air conditioning systems, the compressors of choice are currently 
reciprocating compressors with variable displacement.  
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Figure 2.2 shows a cutaway view of such a compressor.  
 
Figure 2.2 Variable displacement wobble plate compressor [31] 
 
The rotational speed of the compressor has a direct influence on the mass 
flow rate of the compressed refrigerant and therefore an influence on the 
evaporator filling which leads to changes in the cooling capacity. In order to 
regulate the refrigerant mass flow rate and thereby the cooling capacity, a 
control system was developed to change the displacement of the compressor 
dynamically during operation and thereby control the mass flow rate. The 
inclination of the wobble plate dictates the displacement of the compressor 
by changing the stroke of the compressor’s pistons. This inclination is 
determined by the pressure difference between the chamber pressure and 
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the high pressure (i.e. the pressures on either side of the piston) and can be 
controlled dynamically during operation by means of an external compressor 
control valve.  
 
Another more recent development resulted in a compressor that is no longer 
driven directly by the engine, but rather by an electrical motor. In contrast to 
the previously discussed mechanical compressor, the electrical compressor 
is constructed as a scroll type rather than a reciprocating compressor and 
has an electrical motor to drive the compressor integrated into a single 
housing. This not only eliminates the need for a driveshaft seal, but also 
makes the compressor unit reasonably compact and perfectly sealed. This 
greatly reduces the possibility of leakage of the operating medium. It does 
not have a variable displacement and the resulting refrigerant mass flow rate 
is only dependant on the rotational speed of the compressor. This is sensible 
in this case because by means of the incorporated electric motor, it is 
possible to drive the compressor at any required speed in order to make 
changes to the mass flow rate and thereby control the cooling capacity. The 
incorporation of an effective monitoring and control system will make it 
possible to operate the compressor in an optimal operating region for all 
cooling requirements, regardless of the actual rotational speed of the 
combustion engine.  
Figure 2.3 shows a graphical explanation of the functionality of a scroll 
compressor.  
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Figure 2.3 Scroll compressor compression stages [32] 
 
The scroll compressor operates on the principle that two scrolls are built into 
the housing with one being stationary and the other orbiting eccentrically 
without actually rotating. The operating medium is thereby trapped and 
compressed between the scrolls. Scroll compressors are generally 
uncomplicated to balance compared to reciprocating compressors by using 
simple counter masses on the rotating scroll and thereby minimizing the 
occurrence of vibrations. Further advantages of scroll compressors over 
reciprocating compressors include lower pulsation rates in the compressed 
medium, lower sound and vibration levels, as well as a more efficient flow of 
the operating medium.  
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The compressor that is used for the Polo system is a variable displacement 
reciprocating compressor that is manufactured by Sanden and is operated at 
rotational speeds of between approximately 800 and 6000 revolutions per 
minute. It is belt driven by the engine and therefore the compressor speed is 
directly proportionate to the engine speed at any time. The compressor is 
operated without a clutch system and cannot be disconnected from the 
engine at any time.  
2.2 Condenser 
In any air conditioning system the condenser is positioned in such a way that 
it will always have a good air flow across it to maximize the efficiency of the 
condenser in the refrigeration cycle. In the case of an automotive air 
conditioning system, the condenser is located between the radiator and the 
cooling fan. This allows the headwind from driving to flow directly across the 
condenser, thereby ensuring a maximal flow of fresh air across it. 
Furthermore the fact that the cooling fan is located in front of the condenser 
allows for the maintaining of the airflow across both the condenser and 
radiator during extended idle periods where the airflow from the headwind is 
reduced to almost zero.  
Figure 2.4 shows the configuration of the condenser in an automotive air 
conditioning system.  
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Figure 2.4 Condenser configuration in automotive A/C system [31] 
 
The condenser is located after the compressor and receives the refrigerant 
as a high pressure, high temperature gas. Through heat transfer between 
refrigerant and the ambient air flowing across the condenser the heat is 
removed from the refrigerant gas (transferred to the ambient air through the 
condenser fins) and it is subsequently cooled as it flows through the 
condenser. The cooling of the gas causes it to condense and the refrigerant 
exits the condenser in the form of a high pressure liquid.  
2.3 Expansion valve 
In an automotive air conditioning system, the expansion valve is located 
inside the so-called HVAC box in close proximity to the evaporator. The 
function of the expansion valve is to regulate the flow of refrigerant into the 
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evaporator. It is responsible for a pressure and temperature decrease in the 
refrigerant medium and also forms the boundary between the high-pressure 
and low-pressure sides of the refrigeration cycle. Thermostatic expansion 
valves have become common practice in automotive air conditioning 
systems. These types of expansion valves are generally controlled by the 
refrigerant gas temperature at the outlet of the evaporator and are very 
efficient at regulating refrigerant flow into the evaporator. Figure 2.5 shows 
the construction of an expansion valve.  
 
Figure 2.5 Thermostatic expansion valve [31] 
 
The operating principle of the thermostatic expansion valve rests on a 
movable membrane that is attached to a globe valve by means of a push rod. 
A special gas is located on the side of the membrane not attached to the 
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push rod and the other side of the membrane is constructed in such a way 
that it is located in the path of the refrigerant exiting the evaporator. 
According to the temperature of the exiting refrigerant the membrane will be 
pushed up or down, thereby opening or closing the globe valve to regulate 
the flow of refrigerant that enters the evaporator.  
2.4 Evaporator  
The boiling point of the refrigerant is well below zero degrees Celsius and 
therefore the liquid refrigerant from the expansion valve cools the evaporator 
rapidly upon entering. The construction of the evaporator dictates effective 
heat transfer between the refrigerant and the ambient air flowing across the 
evaporator. This allows the refrigerant to extract heat from the air effectively 
in order to evaporate, thereby effectively cooling the air flow that passes 
through the evaporator fins. Condensation occurs on the outside of the 
evaporator because of its low surface temperature, causing the air not only to 
be cooled but also dehumidified. On the following page Figure 2.6 shows the 
refrigerant and air flow directions through and across the evaporator in an 
automotive application. 
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Figure 2.6 Refrigerant and air flow through and across the evaporator [31] 
 
It is necessary to regulate the flow of refrigerant through the evaporator with 
the expansion valve in order to prevent the surface temperature from 
becoming too low. Should the temperature of the evaporator become low 
enough for the condensed vapour from the ambient air to freeze on the 
surface, it will dramatically affect the heat transfer capacity of the evaporator, 
thereby making the system inefficient. The refrigerant exits the evaporator in 
a gaseous form to be returned to the suction side of the compressor where 
the cycle is repeated.  
 
The final component that allows for satisfactory operation of the system 
within the constraints of a vehicle is the HVAC box. In an automotive air 
conditioning system, the both the expansion valve and the evaporator are 
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located inside the so-called Heating, Cooling and Air Conditioning (HVAC) 
box. The HVAC box forms an integral part of the overall system and is 
located behind the dashboard of the vehicle. It not only houses the 
evaporator and allows for effective air flow across it, but also incorporates 
components like the fan, a heat exchanger for heating the cabin and the 
pollen filter. The construction is a complex series of housings for components 
and also includes channels to form the air ducting and to enable effective 
airflow regulation and distribution throughout the vehicle cabin. In Figure 2.7 
a common construction of an HVAC box can be seen.  
 
Figure 2.7 HVAC box as found in automotive applications [31] 
 
In conclusion it is important to note that the correct combination of all the 
components discussed in this chapter is vital for the design of an effective 
automotive air conditioning system. All vehicle dimensions and specifications 
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are to be considered carefully before choices are made regarding the layout 
and choice of the various individual components.  
 
The following chapter will discuss the currently available compressor 
concepts that are used in automotive applications in some detail and 
highlight some advantages and disadvantages of each concept.  
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3 - Chapter 3 -  
Currently used compressor types 
There are various different types of compressors available employing 
different compression strategies. Only the compressor types that are 
applicable to and utilized in automotive air conditioning systems will be 
considered here. The following sections will briefly describe the functionality 
and construction of the three basic types that are currently available: 
3.1 Mechanically (belt) driven compressors 
The mechanically driven compressor is currently the heart of the automobile 
air conditioning systems. Such a compressor is operated by means of a drive 
belt that is directly connected to the engine, making the compressor speed 
directly proportional to the engine speed [10]. This creates a situation where 
the cooling capacity of the system is at a maximum when the engine is 
running at high speed. Normal driving conditions consist of multiple series of 
acceleration and deceleration phases which result in considerable variations 
in engine speed. As the compressor is directly connected to the engine and 
its rotational speed dependant on the engine speed, this leads to 
considerable changes in the refrigeration capacity of the air conditioning 
system. 
 
The problem herewith is that the maximum cooling capacity required from the 
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compressor actually occurs during co-called “stop-and-go” traffic or when the 
vehicle is standing still. During such driving phases the amount of air flow 
across the condenser and evaporator is very low in comparison to when the 
vehicle is travelling at relatively high speed. This means that the cooling 
demand cannot be met by the system when the compressor is running at the 
idle speed of the engine. The problem is dealt with by designing the system 
in such a way that the maximum expected cooling demand can be met by the 
system when the compressor is operated at engine idle speed. This however 
causes components and the system as a whole to be greatly over 
dimensioned, adding to overall weight and resulting in an excess of generally 
“wasted” cooling capacity at higher engine speeds where the components 
are operated only under partial load [12]. This problem of inefficiency 
becomes greater as the range of possible engine speeds increases and 
since vehicle designers are lowering engine idle speeds in order to improve 
fuel economy, the engine speed range is also constantly increasing.  
Attempts to deal with these problems have been made by means of various 
control strategies. Currently the most commonly used control solution is a 
compressor with variable displacement. The displacement of these 
compressors can be varied by changing the stroke of the compressor’s 
pistons by means of a so-called swash plate or wobble plate. Figure 3.1 
shows the construction of a variable displacement wobble plate compressor 
and Figure 3.2 shows the construction of a swash plate compressor. 
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Figure 3.1 Construction of a wobble plate compressor [38] 
 
 
 
Figure 3.2 Construction of a swash plate compressor 
 
The difference between the swash plate and wobble plate construction is 
subtle. In the wobble plate construction the plate is moved by an angled yoke 
that is fixed to the drive shaft. This causes the plate to “wobble” and thereby 
driving the pistons back and forth by means of short connecting rods. The 
swash plate compressor has the plate fixed to the drive shaft at a variable 
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angle and the pistons are “clamped” around the edge of the plate. As the 
shaft rotates, the pistons are the forced back and forth in the cylinders with 
the stroke being determined by the inclination of the angled plate. In both 
cases the compressor stroke is determined by the inclination of the plate and 
this is controlled by the pressure in the compressor housing [38].  When the 
pressure in the housing increases, the pistons are forced to stay deeper into 
the cylinders, thereby effectively decreasing the stroke. Once the pressure in 
the housing is decreased, a spring pushes the plate back into a greater 
angle, thereby increasing the stroke and effectively changing the 
displacement. The pressure in the housing is controlled by the compressor 
control valve. Older compressors used mechanical control valves but in 
modern compressor systems, they have been replaced with electronic control 
valves that allow for more accurate and flexible control of the compressor 
displacement and thereby the refrigerant mass flow rate. In order to realize 
this pressure difference between the housing and the suction side, it is 
necessary to create a feedback path for the coolant from the intake and 
discharge sides of the compressor to the housing [11]. In doing so, the 
coolant mass flow rate is reduced by approximately 10% and therefore a 
higher mass flow rate needs to be realized to enable the system to reach the 
required refrigeration capacity. 
3.2 Electrically driven compressors 
The emergence of hybrid technology also brought the promise of higher 
onboard voltage systems. This would enable various aggregate systems to 
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be driven by powerful electrical motors instead of drive belts with physical 
connections to the combustion engine. Drive belt systems cause significant 
additional load on the engine to drive aggregates like the air conditioning 
compressor, depriving the vehicle of power that may otherwise be used as 
driving power. The development of compressors that are driven by electrical 
motors instead of belt drives carry the promise of theoretically solving many 
of the aforementioned problems associated with the currently used 
mechanically driven systems. Electrical compressors are completely 
mechanically decoupled from the engine and therefore require no direct 
driving power from the engine.  
Furthermore their operating speeds are entirely independent of the engine 
speed [13] and therefore also eliminate the need for variable displacement 
and the use of a complex compressor control strategy in order to regulate the 
displacement. The mass flow rate of the refrigerant can be regulated 
effectively by simply adjusting the rotational speed of the compressor.   
 
 
Figure 3.3 shows a cutaway view of a possible construction of an electrical 
compressor.  
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Figure 3.3 Electrical compressor structure [34] 
 
Since the output can be regulated by varying the speed of the compressor by 
means of the electrical motor, the need for variable displacement and 
therewith also the need for a coolant feedback loop are eliminated. The 
compressor can be of fixed displacement and because of the independence 
from engine speed it can permanently be operated under optimal conditions 
to ensure the required cooling capacity is delivered at all times, at all engine 
speeds and even when the combustion engine is switched off. Components 
will no longer need to be grossly over dimensioned in order to provide 
sufficient cooling capacity, resulting in smaller form factor, lighter weight and 
generally more efficient constructions that require less power from the 
combustion engine and resulting in possible reductions in fuel consumption 
[14]. The actual power requirement from the engine to drive the electrical 
compressor will depend entirely on the efficiency with which electrical energy 
can be regenerated and stored.   
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Beside the potential fuel consumption reduction expected from the electrical 
system, it may also bring some further advantages. According to an 
environmental study conducted in Germany, it was determined that current 
air conditioning systems lose approximately 8,2% of their coolant per year. 
These losses occur mainly at the driveshaft seal of the compressor and 
through the flexible air conditioning hoses [15]. In the case of an electrical 
system, it will be possible to build the compressor unit and drive motor into a 
single housing, thus eliminating the need for the driveshaft gasket. 
Furthermore the flexible hoses could be replaced with rigid piping since the 
system will be completely decoupled from the combustion engine. These 
changes may enable air conditioning systems to reach the new European EG 
70/156/EWG Standard, which dictates a maximal leakage of 40g per year for 
single evaporator systems and will take effect in 2007 [16]. 
3.3 Hybrid compressors 
This refers to a hybrid combination of the two aforementioned compressor 
drive possibilities. This type of compressor can be driven electrically for 
instance when the combustion engine is switched off or running at idle 
speeds or mechanically at higher engine speeds. When the engine is in idle 
or stop mode the compressor is powered by the electrical motor. When rapid 
cooling is required it can be powered by the combination of combustion 
engine and electrical motor. Once the desired temperature is stabilized, it can 
be run off the electrical motor alone, improving both comfort and fuel savings 
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[21]. It theoretically combines the advantages of effective operation at low 
engine speeds and the high efficiency of the mechanically driven system at 
high engine and vehicle speeds.  
 
3.4 Chapter conclusion 
The hybrid air conditioning compressor is not yet tested thoroughly enough to 
provide conclusive information about its optimization potential. Since these 
compressors are still being developed and are not commercially used in 
vehicles at this time, they are not considered during the rest of this study. 
The electrically driven compressor may still have some disadvantages 
compared to the mechanical one because it is still such a new development 
and it is not specifically designed for the conventional onboard vehicle supply 
systems. However with some targeted development towards adapting the 
overall system for use in conventional vehicles, it could yet prove to be a 
viable replacement option for the mechanical compressor systems.  
 
In Chapter 4 the experimental setup is discussed. This includes the 
construction of the compressor drive system as well as the air conditioning 
system that was to be used for verification.  
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4 - Chapter 4 - 
Experimental Setup 
A test bench was constructed for making actual measurements on the air 
conditioning system. This is an effective way of making comparisons 
between the actual behaviour of the system under real conditions and the 
simulation.  It allows the simulation results to be verified and adapted to 
enable an accurate and realistic representation of the real-life system.  
4.1 Air conditioning system (Polo 9N) 
The air conditioning system that is used to construct the test stand is from the 
Polo 9N series. The reason for this choice is to match the air conditioning 
system to the actual vehicle that is to be simulated. It was also possible to 
obtain results from practical engine measurements for the actual 1.4L diesel 
engine used in the test vehicle. The combination of the engine results, the 
physical properties and dimensions of the vehicle and the air conditioning 
test bench results, allow for a realistic representation of the real-life 
influences of the air conditioning system on the fuel consumption of the 
vehicle.  
The test setup is constructed to be an exact representation of the system as 
it is built into the vehicle. This means that the relative heights between the 
various components are representative of the actual positions that the 
components have when built into the vehicle. The construction of the 
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complete test setup including the air conditioning system, the compressor 
drive system and all relevant sensors and measurement systems is shown in 
Figures 4.1. and 4.2.  
 
 
Figure 4.1 Test setup (Compressor drive not seen) 
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Figure 4.2 Test setup (including compressor drive) 
 
The construction of the air conditioning system according to the actual 
vehicle system was achieved by using state of the art photogrammetric 
measurement systems in order to determine the exact positions of the 
components for the test setup. The photogrammetric measurement 
procedure was conducted by a specialist in-house measurement group called 
CarMetric. The basis of the measuring system consists of the latest in optical 
measurement equipment as supplied by the optical measurement specialist 
company GOM mbH, in Braunschweig, Germany. This is then combined with 
an in-house development of the CarMetric group to enable flexible, mobile 
measurements of components as well as completely assembled systems.  
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Figure 4.3 shows an example of a resulting image from the photogrammetric 
measurements according to the manufacturer’s specifications for the 
assembly of the complete system in a vehicle.  
 
Figure 4.3 Resulting image from photogrammetric measurement 
 
The construction of the test setup was then completed according to these 
measurements in order to provide a realistic test setup that is representative 
of the manufacturer’s specifications. 
 
The components are all the exact parts that are used in the real life system, 
including the connecting pipes and the HVAC box containing the evaporator 
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and expansion valve. In order to make the system more suitable to define 
specific operating points, the condenser was mounted in a water tank. By 
controlling the flow of fresh water into the tank, it is then possible to keep the 
condensation pressure at a relatively constant level, allowing the system to 
settle into equilibrium under various environmental conditions instead of 
being in a permanent transient state. A control valve (see Figure 4.4) is used 
to regulate the flow of fresh water into the condenser water tank by 
permanently monitoring the pressure at the exit of the condenser. According 
to the changes in refrigerant pressure that are measured at the condenser 
exit, the flow rate of fresh water into the tank is increased or decreased in 
order to keep the heat transfer rate of the condenser constant.  
 
 
Figure 4.4 Condenser control valve 
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Figure 4.5 shows a schematic representation of the sensor locations on the 
test setup. 
 
 
Figure 4.5 Locations of sensors on experimental setup 
 
Measurements on the system are made by means of various thermocouples, 
pressure sensors and the mass flow rate is monitored with a Coriolis mass 
flow rate meter. It was necessary to modify the original connecting pipes of 
the system slightly to make it possible to connect the various sensors in the 
appropriate locations. Beside the adapter connections for the mounting of the 
pressure sensors and thermocouples, it was also necessary to make special 
connections to allow for the incorporation of the Coriolis mass flow meter into 
the refrigeration cycle. One of the connecting pipes had to be cut in half and 
appropriate adapters welded onto either side of the mass flow meter to 
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enable it to be assembled as part of the final experimental setup. Some 
examples of the modified connections that were used to mount the pressure 
sensors and thermo couples are shown in Figure 4.6.  
 
Expansion valve 
connections into 
HVAC Box
Original 
conneting pipes 
from actual 
vehicle unit
Pressure 
sensors
Thermocouple 
adapter
Modified sections to 
incorporate 
pressure sensors & 
thermocouples
 
Figure 4.6 HVAC box connections with pressure sensors & thermocouples 
 
Even though these modifications were kept to a minimum and care was 
taken to minimize their influence on the overall system performance and 
behaviour, it is still possible that their influences may be significant and 
correction factors may be required in the simulation environment to 
compensate for these irregularities. 
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4.2 Compressor drive system 
A compressor drive system was already available at the institute, but had 
some problems with the drive shaft balance and therefore also with the 
torque and rotational speed measurements. Furthermore it was originally 
designed to accommodate a different type of compressor than that used in 
the Polo 9N system. It was therefore necessary to redesign the system to 
enable it to drive different types of compressors and to eliminate the 
unbalance in the driveshaft. The system now consists of an asynchronous 
electrical motor and an adjustable retaining plate that serves the dual 
purpose of mounting the compressor and simultaneously tensioning the drive 
belt between the electrical motor and the compressor. The unbalance in the 
drive shaft was eliminated by means of a clutch system that was placed 
between the motor drive shaft and the pulley that drives the compressor via a 
belt. The shaft that connects to the pulley is bearing mounted to ensure that it 
runs absolutely true and the torque sensor is mounted directly on the end of 
this shaft to ensure that no unbalance can occur to corrupt the torque 
measurement.  Figure 4.7 shows an exploded view of the construction of the 
driveshaft for the drive system including the bearing mountings and the 
location of the torque sensor. 
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Figure 4.7 Exploded view of the drive shaft system 
 
The possibility to drive different compressors was realized by means of the 
adjustable retaining plate. By mounting each compressor to be used on an 
adapter plate that connects to the retaining plate of the drive system, it is 
possible to mount any compressor onto the system and then adjust the 
tension on the drive belt to suit each compressor individually by correctly 
positioning the retaining plate. The rotational speed of the electrical motor 
can be controlled by a software protocol and frequency converter to allow for 
speeds of up to 9000 rpm. The measurement of the rotational speed is done 
by means of a photo-electric barrier with measurement points located on the 
drive pulley on the motor shaft. Torque measurements are made with a 
torque sensor at the end of the motor shaft. 
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The complete assembly of the final compressor drive system is shown in 
Figure 4.8 with the compressor mounted on the adjustable retaining plate. 
 
Framework
Threaded bar for drive 
belt tensioning
Exchangable mounting/
locating plate for 
compressor 
Compressor
Compressor drive 
pulley
Torque 
sensor
Mounting/locating 
fixture for bearings
Motor side drive 
pulley
Flexible couplingElectric motor
 
Figure 4.8 Final assembly of the compressor drive system 
 
4.3 Over-all system 
The combination of the air conditioning system and the compressor drive 
system results in a flexible air conditioning test bench that provides 
possibilities to examine different compressors and their performance on the 
Polo 9N air conditioning system. The flexibility of the compressor drive 
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system also enables it to be used in other applications and to investigate the 
feasibility of the use of different compressors in other air conditioning 
applications. Measurements, data acquisition and processing are all done by 
means of SCXI hardware measurement systems from National Instruments. 
Figure 4.9 shows the integration of the hardware into the test setup. 
 
 
 
Figure 4.9 Test setup with SCXI hardware 
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The NI SCXI measurement hardware is then combined with custom 
programmed measurement software from the National Instruments LABView 
software range. This allows the processing of the measured data while the 
measurement is running and enables it to be exported directly to spreadsheet 
software such as Microsoft Excel.  
Figure 4.10 shows a screenshot of the measurement environment before the 
start of a test.  
 
Figure 4.10 Screenshot of NI LABView measurement software 
 
4.4 Comparison to simulation 
The results of the simulation can only be compared to the actual measured 
values of the test stand in a limited way. This is firstly due to the various 
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different influences and factors that come into play in a real-life system that 
are not and cannot be accounted for in any simulation environment. The fact 
that it was not possible to precondition the air supply for the test stand also 
dictated that only a limited spectrum of environmental conditions could be 
represented and therefore the comparison to the simulation results is also 
limited to a small section of the real-life conditions that are to be considered 
when testing air conditioning systems. Secondly, the simulation is not an 
exact representation of the test stand because all sensors and measurement 
devices are excluded from the simulation. Furthermore the compressor 
models that are used in the simulation are standardized in order to provide a 
more general result that will be applicable not only to one specific system, but 
represents the trend when generally comparing electrically and mechanically 
driven compressors.  
 
By adjusting the dimensioning of the simulation environment according to the 
actual test system and adjusting various appropriate parameters of the 
simulation setup, it was possible to achieve a relatively good representation 
of the actual system. The average differences between the simulation and 
test results for the evaporator power, compressor power and Co-efficient Of 
Performance (COP) lie between 8% and 10%. Graphs representing 
examples of the differences between these values for an air mass flow rate of 
140kg/h are shown in Figures 4.11 to 4.13  
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Figure 4.11 Simulated and measured compressor power 
 
Practical & simulated evaporator power (air mass flow rate = 140kg/h)
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Figure 4.12 Simulated and measured evaporator power 
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Practical & simulated COP values (air mass flow rate = 140kg/h)
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Figure 4.13 Simulated and measured Coefficient of Performance 
 
A complete set of comparison graphs for all available mass flow rates is 
included in Appendix A.  
 
The next two chapters deal specifically with the choice of simulation software 
and the process that was followed to generate the simulation.  
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5 - Chapter 5 - 
Choice of simulation tools 
The term simulation involves much more than theoretical calculations to 
provide some insight into possible outcome of systems. Modern simulation is 
almost always software based and it is possible to represent very complex 
systems with acceptable levels of accuracy and predict the outcome of real 
life systems even without physical prototypes.  
5.1 Limitations of simulation 
All forms of simulation are limited by certain influencing factors that play 
different rolls depending on the user, the type of application and the 
complexity of the simulated system. Computing power, time constraints and 
financing are some examples of major roll players in determining the 
limitations when implementing a simulation application. This means that it 
becomes important to keep simulation models generally as simple as 
possible. However, simplifying the models dictates that the results of the 
simulation will only represent a simplified version of reality. These 
simplifications cause the simulation to deliver results that can only be 
assigned to real-life systems within a predefined context of reality. If 
parameters and conditions are modified, it is important to ensure that the 
simulation is designed in such a way that the desired parameters fall within 
the range of inputs where the simulation model is able to present plausible, 
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realistic results. A need for verification of the simulation results with 
measured results from a real-life system is dictated by the sensitivity of 
simulation models to the degree of simplification and range of realistic 
parameters. Verification provides an indication of the accuracy with which the 
simulation results actually represent reality.  
5.2 Modelica 
Rapid progress is desired in all technological disciplines, which require 
application specific tools to aid the design, testing and verification of various 
developments that are done in numerous fields. A major roll player in this 
progress is adapting and advancing simulation tools that are used during the 
design process [10]. 
 
One such development is the object orientated simulation and modelling 
language Modelica that is specifically aimed at the air conditioning field of 
interest. It was developed by a work group consisting of various major 
automobile manufacturers including Audi, BMW, Daimler-Chrysler and 
Volkswagen.  
 
The aim of this development resulted from the close co-operation between 
OEM and the suppliers making up the automotive industry. Effective co-
operation between different partners calls for an efficient way to exchange 
various simulation models in order to allow testing and simulation of 
completely assembled systems containing components from various 
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suppliers. This requirement can only be fulfilled when a common is employed 
by all parties involved. The development costs of such a complex system can 
be shared by all partners since it is possible for multiple users to develop 
multiple sections of the system simultaneously if a common approach 
strategy is defined.  
 
Considering requirements from suppliers and manufacturers, the system 
should enable the representation of air conditioning system performance and 
characteristics with geometry based, open source component models. 
Furthermore, the models should not only be open source and easily 
exchangeable, but the system should also provide a certain level of security 
for the users. Security in this case referring to protection of the developer’s 
knowledge in that the exchangeable models should have an encoding 
possibility so that they may be swapped freely but the actual structure and 
copyrighted information contained in them cannot be accessed.  
 
Numerous software packages were investigated, analysed and tested to 
establish a suitable candidate to fulfil the requirements of such a simulation 
system. It was then determined that the simulation language 
Dymola/Modelica provides an appropriate platform to produce accurate 
results for examining refrigeration cycles with R134a as coolant, making use 
of geometry based component models. The exchangeability of the created 
models also proved to be satisfactory, provided that developers use 
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accommodating simulation software. Aiming at future use, the available 
libraries are constantly being expanded by all developers involved in order to 
make up a system that is as comprehensive as possible to accommodate the 
newest developments within a minimal time span.  
 
Modelica was accepted as the industry standard for simulation of 
refrigeration cycles in the automobile industry in 2003 and is widely used by 
manufacturers, suppliers and developers to develop, analyse, evaluate and 
improve components and systems [10]. 
5.3 TIL Library 
There are various libraries available for the Modelica package and while 
many are open source, free downloads, there are also numerous commercial 
library packages available. The standard, free libraries contain some basic 
models of various disciplines including mechanical, electrical, thermal and 
fluid systems. Commercial libraries include more detailed and specific 
models and processes to simulate specialized systems and situations. Some 
examples of commercial libraries are Air Conditioning, Vehicle Dynamics 
(both from Modelon AB), Power Train (from Deutsche Zentrum für Luft- und 
Raumfahrt) and Smart Electric Drives (from Arsenal Research). These 
libraries are very specialized and require high levels of expertise to employ, 
making them difficult for non-experts to use. An interdisciplinary co-operation 
between the Institute for Vehicle Engineering, Wolfsburg, the Institute for 
Thermodynamics of the Technical university of Braunschweig (IfT) and the 
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company TLK Thermo GmbH in Braunschweig made it possible to make use 
of an in-house library development. The library in question is called the TIL 
Library and is a development by the combined efforts of the company TLK 
Thermo GmbH in Braunschweig, Germany and the Institute for 
Thermodynamics of the Technical University of Braunschweig. It is a 
Modelica library that specifically deals with steady-state as well as transient 
simulation of fluid systems such as heat pumps or refrigeration cycles. 
Component models for compressors, heat exchangers, valves and various 
other components are also included in the TIL library. It is furthermore 
implemented in open source Modelica code which allows for relative simple 
extension and adaption of various model parameters and characteristics. The 
library is distributed to and may be implemented by customers of TLK and IfT 
and was made kindly made available for use in this project by cooperation 
between these two institutes and the Institute for Vehicle Engineering, 
Wolfsburg.  
 
In the following chapter the specific parts that were integrated into the 
simulation environment is explained in more detail including the process of 
collecting the various required vehicle parameters for the overall fuel 
consumption simulation.  
                                                                             
                                                                                                             50 
Nelson Mandela Metropolitan University 
School of Engineering 
 
6 - Chapter 6 - 
Components of the simulation environment 
Some of the key parts of the simulation process will be discussed in this 
section including calculations and characteristics of important components 
and processes. The simulation consists of multiple interdependent sections 
which can represent components, connections, processes, calculations or 
behavioural definitions. All of these sections combine to form a useful system 
that can be broken down into many smaller units to enable a better overview, 
understanding and manageability of the system as a whole. All complex 
systems that are to be simulated have to be approximated reasonably, which 
means that the system is to be represented with appropriate intricacy in order 
to provide sufficiently accurate results while still maintaining a manageable 
level of complexity.  
 
The simulation environment is divided into 3 basic sections. The first is the 
vehicle driving system which includes the driving cycle, vehicle 
characteristics and engine characteristics. The second and third parts are 
both concerned with the air conditioning system and its influence on the 
vehicle’s fuel consumption with reference to the first section. The air 
conditioning system (condenser, evaporator and expansion valve) is common 
to both the second and third sections with the difference being in the 
compressor system that is used. One will be driven “mechanically” directly by 
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the engine, while the other will be driven “electrically”, indirectly connected to 
the engine by means of the alternator and electrical converter systems. 
Figure 6.1 shows the composition of the simulation as a simplified block 
diagram.  
 
 
Figure 6.1 Block diagram representing simulation functions 
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6.1 The A/C Cycle 
The air conditioning cycle is the first important part of the system. An air 
conditioning system in itself is a very complex process and there are infinitely 
many variables and possibilities that may be brought into play. The system is 
to be used as a reference “load” to enable a comparison between influences 
from two different compressors and can therefore be approximated insofar 
that the system represents a general, standard automotive air conditioning 
system. The comparison between the two compressors is only then possible 
when both are subjected to the same load and the power that each one 
requires from the engine is determined over the same time period and under 
the same conditions. In this study, the air conditioning cycle that was used as 
a reference is constructed from various components from the TIL Library 
from TLK Thermo combined with some freely programmable parts of the 
general purpose Modelica libraries.  
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Figure 6.2 AC cycle screenshot in Dymola development environment 
 
6.2 Driving Cycle 
A predefined set of driving conditions that are representative of real driving 
conditions is needed to define the behaviour of the vehicle and conditions 
that occur to provide a set of reference parameters that can be employed 
during the simulations of both the mechanical and electrical compressors. 
There are various cycles that are used to define certain types of driving and 
to investigate different engine and vehicle conditions and behaviour. Not only 
do these cycles define driver behaviour, but they are also vehicle, engine, 
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measurement and even country specific. Some examples of these cycles 
include the international “World Harmonized Transient Cycle” for heavy duty 
vehicles and engines, the American FTP75 for testing of light duty vehicles in 
urban traffic situations and the European “NEDC” which is used for engine 
and emissions certification within the European Union.  
For the simulation purposes the NEDC is used as the basis and the 
possibility exists to incorporate other driving cycles by loading them into the 
simulation environment as tables containing the relevant driving cycle 
parameters.  
The New European Driving Cycle (NEDC) is used as a reference driving 
cycle to make emission level analysis and also determine average fuel 
consumption for a vehicle on a dynamometer. The cycle consists of four 
repeated “urban” driving cycles and one so-called “extra-urban” driving cycle. 
The NEDC is meant to represent typical driving in Europe and is in this case 
useful to create a defined driving situation that can be utilized to facilitate the 
comparison between the compressors.  
In Figure 6.3 and 6.4 graphical representations of the American FTP75 cycle 
and the NEDC are displayed respectively and it is clear that the two cycles 
differ rather significantly. The FTP cycle takes 1874 seconds compared to the 
1180 seconds of the NEDC. The distances traveled during the cycle 
therefore also differ with the FTP cycle covering 17,7km compared to the 
11km covered by the NEDC. Both cycles are used for emission certification 
and the since year 2000, vehicles tested with the FTP cycle have been 
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required to be tested further with three supplement tests to cover driving 
conditions that are not represented in the FTP cycle alone. 
 
 
Figure 6.3 FTP75 Driving Cycle [35] 
 
 
Figure 6.4 New European Driving Cycle [35] 
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On a dynamometer the NEDC is 1180 seconds long and at given time 
intervals the vehicle speed is specified and the driver is to adhere to the 
predetermined values. The driver is to accelerate and decelerate at 
prescribed rates and maintain constant speed during certain sectors of the 
cycle. The vehicle speed, acceleration, deceleration and gear that is to be 
engaged is specified and the driver is to reconstruct this pattern in reality. 
The human factor however will be left out of consideration for the simulation 
purposes and it will be assumed that the parameters of the cycle can be 
followed exactly. This will be the same in both the mechanical and electrical 
compressor cases and provide a solid platform for a comparison.  
6.3 Engine Characteristics 
In order to provide a realistic approximation of the fuel consumption of the 
engine, it is necessary to include some engine specifications that may also 
be determined practically. These characteristics include torque, specific 
consumption and engine power at various engine speeds and different loads.  
 
The required data for the 1.4L Diesel engine was measured on an engine 
test stand that is equipped with all necessary sensors and measurement 
systems. A complete set of parameters was recorded including various 
pressures, temperatures, ratios and exhaust emission values. An example 
set of results is included in Appendix B. The relevant parameters are then 
filtered out and used as look-up table values to provide the necessary input 
values under specific conditions for the simulation.  
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The vehicle speed is defined by the NEDC driving cycle and is then 
calculated to engine speed using the physical dimensions of the vehicle and 
the applicable gear ratios using the following equation: 
 
Vehicle
Engine
Tyre
nn ratio φ= ⋅  
 
Where   = Engine speed in 1s  Enginen
 = Total gear ratio ratio
1
s = Vehicle speed in  Vehiclen
Tyreφ  = Tyre circumference 
 
In order to determine the engine’s specific consumption at any given point, it 
is also necessary to determine the load on the engine. This can be achieved 
by calculating the torque that acts on the wheel at any given time during the 
driving cycle and using this value to determine the torque required from the 
engine to deliver the calculated torque to the wheels. The engine torque can 
be calculated as follows: 
totM F d= ⋅  
Where   = Torque in Nm M
 = Total resistive force that is to be overcome totF
 = Lever arm of the acting force d
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Once these two values are determined, the simulation software makes use of 
a two dimensional look-up table to determine the corresponding specific 
consumption for the previously calculated engine speed and torque values. 
These calculations are performed for each time-step of the simulation and 
therefore provide an accurate representation of the actual specific fuel 
consumption at any given point for the duration of the driving cycle.  
 
6.4 Driving resistances 
Determining the engine’s fuel consumption can be achieved by considering a 
complete set of required parameters. All the relevant driving resistances and 
their compositions [28] are necessary to determine the force required to 
accelerate or decelerate the vehicle at the determined time instances.  
 
The rolling resistance and Aerodynamic resistance (drag) was determined 
experimentally on an available test track.  
 
Rolling resistance is the resistance that occurs when the wheels of the 
vehicle are rolling. Several factors may contribute to a vehicle having a larger 
or smaller rolling resistance, but in this case it is assumed that the rolling 
resistance remains constant for the duration of the simulated driving cycle. 
The rolling resistance value that is used in the simulation was determined 
experimentally as follows: 
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The road on which the resistances were determined has a slight incline and 
therefore the vehicle is driven in both directions for measurements. Driving 
the incline in both directions means that the resulting force from climbing 
resistance will be positive for one set of measurements and negative for the 
other. This means that in the calculations for the total vehicle driving force, 
these forces will cancel each other and thereby eliminating the need to 
consider the climbing resistance in these calculations. The relevant 
parameters are measured with a measuring system from Peiseler which is 
attached to the wheel hub. It is calibrated over a distance of a hundred 
meters before measurements are made.  
 
In order to determine the rolling resistance, the vehicle is driven at an initial 
speed of approximately 30km/h and where after the clutch is disengaged, 
allowing the vehicle to coast for the premeasured distance of a hundred 
metres. Measurements are taken every second with the Peiseler system and 
from the measured speed and distance, the acceleration can be determined. 
The measured values from the experimental tests are displayed in Table 6.1 
on the following page. 
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Direction Initial End 
speed 
Time Acceleration Average 
speed acceleration 
 km/h km/h s m/s2 m/s2  
Decline 31,3 26,6 12,80 -0,102 
-0,094 Decline 30,4 26,3 12,84 -0,089 
Decline 30,4 26,2 12,92 -0,090 
Incline 31,0 20,4 14,20 -0,207 
-0,207 Incline 31,0 20,1 14,29 -0,212 
Incline 29,9 19,2 14,72 -0,202 
Table 6.1 Measured values for rolling resistance calculation 
 
The total driving resistance is given by the following equation: 
tot R incline air accF F F F F= + + +  
 
Where   = Rolling Resistance RF
 = Climbing Resistance inclineF
 = Aerodynamic Resistance (Drag) airF
 = Acceleration Resistance accF
 
Because of the low vehicle speed, the aerodynamic drag can be excluded 
from this section of the calculation. The clutch is disengaged and therefore 
= 0 and the equation can be reduced to: totF
0 incline R accF F F= + +  
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Each of these values can be calculated individually according to the following 
equations: 
Climbing resistance: 
 sin( )inclineF m g= ⋅ ⋅ α
 
Rolling resistance: 
cos( )R RF m g f α= ⋅ ⋅ ⋅  
 
Acceleration resistance: 
accF m xλ= ⋅ ⋅ &&  
 
The value for the climbing resistance will change sign when driving on a 
decline and therewith assist in overcoming the other driving resistances 
instead of acting as a resistant force. When driving on an incline, this is 
reversed and the vehicle speed decreases more rapidly over a constant time 
interval.  
 
From this the gradient of the road can be determined as follows: 
Forces in equilibrium on an incline are given by: 
1 1incline R accF F F 1= +  
and forces in equilibrium on an incline are given by: 
2 20 incline R accF F F 2= + +  
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The rolling resistance on a constant incline without changing the overall 
vehicle weight will be the same for both the incline and the decline. Therefore 
the respective equations for forces in equilibrium can be combined to result 
in: 
1 1 2 2incline acc incline accF F F F  − = − −
 
sin( ) sin( )decline inclinem g m x m g m xα λ α⇒ ⋅ ⋅ − ⋅ ⋅ = − ⋅ ⋅ − ⋅ ⋅&& &&λ  
 
2 sin( ) ( )decline inclineg x xα λ⇒ ⋅ ⋅ = − ⋅&& &&  
 
( )sin( )
2
decline inclinex x
g
λα − ⋅⇒ = ⋅
&& &&
 
From this it is now possible to calculate the value for the gradient of the road 
as an angle given in degrees. The average acceleration values as 
determined from the measurements are used for the incline and decline 
acceleration respectively. According to literature [23] the rotational mass 
factor (λ ) can be assumed to have a value of 1,1. 
Herewith the gradient is calculated as: 
2 2
2
0,207 0,094 1,1
arcsin 0,367
2 9,81
m m
s s
m
s
α
⎛ ⎞⎛ ⎞+ − ⋅⎜ ⎟⎜ ⎟⎝ ⎠⎜ ⎟⇒ = = °⎜ ⎟⋅⎜ ⎟⎝ ⎠
 
The test road therefore has an incline of 0,641%. 
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In order to calculate the rolling resistance, equation 6.8 is expanded as 
follows: 
 
 1 1 1incline R accF F F= +
 
sin( ) cos( )R declinem g m g f m xα α λ⇒ ⋅ ⋅ = ⋅ ⋅ ⋅ + ⋅ ⋅&&  
 
sin( ) cos( )R declineg g f xα α λ⇒ ⋅ = ⋅ ⋅ + ⋅&&  
 
sin( )
cos( )
decline
R
g xf
g
α λ
α
⋅ −⇒ = ⋅
&& ⋅  
2 2
2
9,81 sin(0,367 ) 0,094 1,1
0,0169
9,81 cos(0,367 )
R
m m
s sf m
s
⋅ ° − ⋅
⇒ = =
⋅ °
 
 
The rolling resistance factor has a value of 0,0169 and herewith lies within 
range of the expected values of between 0,01 and 0,025 that are found in 
literature [23]. 
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Aerodynamic resistance (drag) can be defined as the force that acts on the 
vehicle, resisting its movement of through air. Aerodynamic drag can be 
calculated from the following formula: 
 
21
2air air w
F c A vρ= ⋅ ⋅ ⋅ ⋅  
Where   = Force of aerodynamic resistance (drag) airF
 = Density of air airρ
 = Air drag coefficient wc
 = Drag plane A
 = Vehicle speed v
 
As in the case of the rolling resistance, the coefficient of drag was 
determined experimentally. The value for the drag plane of the test vehicle 
was determined by using the manufacturer’s value (1,97m2 for a 2003 model 
Polo) and the theoretical value determined by applying a common formula 
(80% of the length times the breadth): 
20,8 1,465 1,650 1,93A m m= ⋅ ⋅ = m  
 
This results in an average value of  
2 2
21,93 1,97 1,95
2
m mA m+= =  
As for the rolling resistance, the Peiseler system is once again used to take 
measurements every second and from the measured values, the acceleration 
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can be determined. Again the vehicle is driven in both the inclined and 
declined directions on the road in order to eliminate the need to consider the 
climbing resistance in the calculations.  
 
The measured values from the experimental test are displayed in Table 6.2. 
Direction Initial End 
speed 
Time Acceleration Average 
acceleration speed 
 km/h km/h s m/s2 m/s2  
Decline 79,2 70,7 9,63 -0,245 
-0,245 Decline 82,8 74,5 9,19 -0,251 
Decline 80,4 72,4 9,34 -0,238 
Incline 79,6 68,4 9,64 -0,323 
-0,316 Incline 79,1 68,0 9,70 -0,318 
Incline 78,7 67,9 9,75 -0,308 
Table 6.2 Measured values for aerodynamic resistance (drag) calculation 
 
Because of the higher vehicle speed, the aerodynamic drag now plays a 
significant roll and cannot be neglected in the forces in equilibrium equations. 
Therefore the equilibrium equation for a decline now looks as follows: 
decline acc R airF F F F= + +  
Expanding this equation results in: 
21sin( ) cos( )
2decline R air w
m g m x m g f c A vα λ α ρ⋅ ⋅ = ⋅ ⋅ + ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅&&  
 
( )
2
2 sin( ) cos( )decline R
w
air avg
m g x g f
c
A v
α λ α
ρ
⋅ ⋅ ⋅ − ⋅ − ⋅ ⋅⇒ = ⋅ ⋅
&&
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The average vehicle speed is determined from the mean values of the 
respective start and end speeds of each measurement.  
 
1
3 2
start end
avg
v vv += ⋅∑  
 
1 79,2 70,7 82,8 74,5 80,4 72,4
3 2 2 2avg
km h km h km h km h km h km hv + + +⎛ ⎞= ⋅ + +⎜ ⎟⎝ ⎠
 
76,6 21,3avgv km h= ≈& m s  
 
The air density is determined by using the specific gas constant, the ambient 
temperature and the ambient air pressure during the experimental testing.  
287 JR
kg K
= ⋅  (table value), the air density is determined as follows:  With 
2
3
98900
1,2176
287 283
N
mp kg
NmR T mK
kg K
ρ = = =⋅ ⋅⋅
 
All previously determined values can now be substituted to determine the air 
drag coefficient as follows: 
2 2 2
2
2
3
2 1025 9,81 sin(0,367 ) 1,1 0,245 9,81 cos(0,367 ) 0,0169
1,218 1,95 21,3
0,317
w
w
m m mkg
s s sc
kg mm
m s
c
⎛ ⎞⎛ ⎞⋅ ⋅ ⋅ ° − ⋅ − − ⋅ ° ⋅⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠= ⎛ ⎞⋅ ⋅ ⎜ ⎟⎝ ⎠
=
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Acceleration resistance is the force that is to be overcome in order to 
accelerate a vehicle of certain mass at a given acceleration. This is the most 
commonly known resistance which, when expressed as a force, can be 
calculated using the following equation: 
 
F m a  = ⋅
Where   = Acceleration force F
 = Mass of the body to be accelerated m
 = Acceleration a
 
Climbing resistance occurs when a vehicle is driven on an incline. In the 
case that a vehicle is driven down-hill, the climbing resistance will be 
negative. The climbing resistance is mathematically defined as follows: 
sininclineF m g α= ⋅ ⋅  
Where   = Force exerted due to the incline inclineF
 = Mass of the vehicle m
 = Gravitational acceleration g
α  = Angle of the incline 
The NEDC is a cycle that was developed for tests on a dynamometer and it 
is therefore assumed that the climbing resistance that may occur in real-life 
driving conditions may be disregarded in this case.  
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Herewith all necessary parameters are known to calculate the overall driving 
resistance. The complete set of relevant vehicle specifications is presented in 
Table 6.3. 
 
Parameter  Value 
Vehicle type Volkswagen Polo 9N (2003) 
Engine type 1.4L TDI Diesel (55kW) 
Tyres 165/14/75 
Dynamic tyre perimeter 1765mm 
Empty weight 1218kg 
Coefficient of rolling resistance 0,0169 
Coefficient of drag 0,317 
Aerodynamic surface area 1,95 m2 
Rotating mass factor 1,1 
Table 6.3 Relevant vehicle parameters 
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6.5 Mechanical (belt driven) Compressor Characteristics 
The properties, efficiencies and characteristics for the belt driven compressor 
are taken to be “typical” and are obtained from various test sessions where 
all relevant parameters are measured and the required efficiencies are 
calculated to provide a realistically adapted compressor model.  
In order to represent a typical mechanically driven compressor, it is 
necessary to provide the following characteristics:  
 
The model that was used in the simulation is a basic compressor that was 
provided with the TIL library for Modelica from TLK Thermo and was 
dimensioned according to the actual compressor.  
6.5.1 Requirements for compressor model 
Certain measured parameters are required by the TIL Library in order to 
represent a compressor as a model in the simulation environment.  
 
The requirements for steady state compressor specification are as follows: 
Refrigerant mass flow ,  m&
nMP ⋅⋅= rπ2 ,  Shaft power 
Compressor outlet temperature   dT
 
These parameters are measured while controlling the following conditions: 
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Compressor speed: 700, 1000, 2000, 3000, 4000, 5000, 6000, 8000 rpm 
Suction pressure: 2.5, 3.5, (4.5) bar abs 
Discharge pressure: 9, 15, 21, (25) bar abs 
Relative displacement: 100%, 70%, (50%), 30%, 0% 
Constant superheating: 10 K  
Constant ambient temperature at compressor housing: 20°C 
Control valve / control current: the control valve current should be adapted 
according to the swash plate position   
 
For these measurements, the test stand is equipped with the following 
measuring points: 
Temperature:  
T_suction, T_discharge, T_surface, T_air_ambient_compressor 
Pressure:  
p_suction, p_discharge, p_crankcase  
Massflow:  
direct measurement with a mass flow meter and indirect measurement using 
either condenser or evaporator heat balance 
Torque:  
measurement at the drive belt 
Rotational speed:  
directly at the compressor drive shaft 
Compressor valve flow rate:  
Coriolis principle 
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Subsequently the refrigerant mass flow rate, shaft power and discharge 
temperatures can be calculated by employing equations for a number of 
compressor efficiencies. Using these equations and the data from the 
measured compressor, it is possible to define the simulation model with the 
corresponding efficiencies of the actual compressor. The compressor 
efficiencies that are utilized are defined as follows: 
 
a) Effective volumetric efficiency  for calculating refrigerant mass flow effλ
 
eff
eff
displacement suction
meffectivemass flow
theoretical potential mass flow V n z
λ ρ= = ⋅ ⋅ ⋅
&
 
 
Where   = Compressor Displacement displacementV
  n   = Compressor rotational speed 
    = Number of cylinders z
  = Density of the suction gas   suctionρ
 
b) Effective isentropic efficiency  for calculating shaft power   iseneff −η
 
( )
2
d ss constisen
eff isen
eff
h hP
P M n
η
π
=
− →
⎡ ⎤− ⋅⎣ ⎦= =
⋅ ⋅
&
effm  
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Where    = Isentropic compressor power isenP
    = Effective shaft power effP
    = Compressor inlet enthalpy sh
  ( )  = Outlet enthalpy at entropy of suction conditions d s consth =
M
→
  = Shaft torque 
 
c) Isentropic compressor efficiency compisen−η  for calculating discharge 
temperature 
 
( )d ss const
isen comp
d s
h h
h h
η =− −= −  
 
Where    = Compressor inlet enthalpy sh
    = Compressor outlet enthalpy dh
  ( )  = Outlet enthalpy at entropy of suction conditions d s consth =
 
6.6 Electrical Compressor Characteristics 
The electrical compressor is basically two units combined into a single 
housing. The mechanical side of the unit is a scroll compressor and the 
electrical side is an electric motor. In order to represent the electrical 
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compressor in a simulation environment, it is necessary to obtain a 
characteristic curve that provides detailed information about the complete 
unit, including current drawn, rotational speed and delivered power.  
Another option to include the electrical compressor into a simulation is to 
regard it as the two separate units that it consists of and obtain individual 
characteristic curves for each unit. Which method is more efficient or more 
desirable may be argued both ways. Having the complete characteristic 
curve for the specific electrical compressor provides a relatively short and 
uncomplicated way to include the compressor into the simulation. Individual 
characteristic curves for both compressor and electric motor provide a more 
flexible simulation setup and not only can all parameters be modified for the 
unit as a whole, but the motor or compressor may also be parameterized 
separately, providing a more comprehensive but also more complex system.  
 
In this case the electrical compressor that was used in the simulation is a 
complete model that was adapted from a standard version of an electrical 
scroll compressor that is available in the Modelica AC Library from Modelon 
AB to match the models that are already implemented in the TIL Library. It 
incorporates both the electrical motor and the scroll compressor into one 
model and can be parameterized and dimensioned to fit into the same 
simulated air conditioning environment that was used for the mechanical 
compressor. This allows the air conditioning load conditions on the 
compressor to stay the same for both the mechanical and electrical 
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compressors, thereby making a comparison between the two systems 
possible.  
The sequence and required components for the integration of the electrical 
compressor system into the overall fuel consumption simulation combined 
with the air conditioning system used for the mechanical compressor system 
is shown in Figure 6.6. 
Scroll 
Compressor
AlternatorEngine Inverter
Electrical 
Motor
Air 
Conditioning 
System
Current req. 
from Inverter
Current req. 
from Alternator
Power req. 
from Engine
 
Figure 6.6 Integration of the electrical compressor 
 
6.7 Alternator Characteristics 
The alternator is of paramount importance to the electrical compressor 
system and should be represented realistically in the simulation. Efficiency, 
rotational speed and delivered current at various loads are important 
parameters that are required to represent the alternator as a simulation 
model. These parameters were measured using the same drive system that 
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was constructed to drive the compressor for the air conditioning test stand. A 
load curve of the alternator was produced by allowing it to charge two 
completely discharged 12V batteries and the delivered current from the 
alternator was measured using LEM current measurement modules. 
Additionally the torque and rotational speed are also measured from which 
delivered power as well as efficiency can be calculated. Once the batteries 
are charged, different loads can be added to the system to present a partial 
load situation as may occur during normal driving conditions in a vehicle. The 
partial load curve for the alternator can be measured using such a setup.  
 
The input power into the alternator is provided by the Torque that acts on the 
alternator shaft and its rotational speed:  
P M n= ⋅  
Where P  = Power in Watt 
 = Torque in Nm M
1
s = Rotational speed in  n
 
The output power of the alternator at any given time is provided by the 
measured battery voltage and the current delivered by the alternator.  
P V I= ⋅  
Where P  = Power in Watt 
 = Voltage in Volt V
  = Current in Ampere I
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The efficiency of the alternator is given by the ratio between input and output 
power: 
out
in
P
P
η =  
Where η  = Efficiency  
 = Output power outP
 = Input power inP
These parameters are included into the simulation to enable the values to be 
integrated and interpolated dynamically during a running simulation. It is then 
possible to determine the amount of current delivered by the alternator at any 
given engine speed and to determine how much load it places on the engine 
at any given time. This load can then be translated to the influence of the 
alternator on the engine’s fuel consumption under varying speed and load 
conditions.  
 
6.8 Consumption Comparison  
A comparison between the additional fuel consumption of the mechanical 
and electrical compressors is only possible when the two systems are 
subjected to similar conditions and requirements. The conditions of the belt 
driven compressor will therefore be used as a reference to recreate the 
conditions for the electrical compressor test. It is assumed that the electrical 
compressor will have to provide the same amount of cooling capacity as the 
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belt driven one for the duration of the driving cycle. The cooling capacity 
provided by the belt driven compressor is to be simulated first and the 
delivered cooling capacity from the belt driven system is then assumed to be 
equal to the required capacity from the electrical compressor system.  
 
6.9  Dimensioning and initialization 
In order for the simulation to be able to represent reality, the system needs to 
be dimensioned according to the real-life system. All relevant components 
that are to be included into the simulation model are given geometrical 
dimensions fitting those of the actual system that is to be simulated. Once 
each component geometrically represents its real-life counterpart the process 
of initialization can start for each individual component. Generally speaking it 
is also possible to make use of templates or models that were constructed by 
other users in order to speed up the process. The problem with this approach 
is that when the geometry of the desired system is dramatically different from 
that of the template, the simulation will in most cases not initialize and the 
calculation of the system cannot be started. Therefore it is often sensible to 
construct a new simulation from the ground up using its required 
components.  
 
The components of the air conditioning system that are to be used in the 
simulation are then first dimensioned, initialized and tested individually 
making use of appropriate test environments that may be created to 
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accommodate each component. These test environments are built up using 
so-called “sources” and “sinks” to simulate inputs and outputs that are 
anticipated for each component once it is connected to the system as a 
whole. Once each component can be verified to initialize when containing the 
required geometry and anticipated input and output conditions, combinations 
of components that follow one another in the simulated system can be tested 
using the same type of test systems with sources and sinks providing the 
expected operating conditions. The cycle can be closed once the function of 
all combined components is satisfactory in an open loop system and the final 
output from the system is equal to the initial input. This then means that once 
the sources and sinks are removed from the cycle, it will be a closed air 
conditioning cycle that is only dependant upon the same factors as in reality 
and does not require special sources and sinks to ensure realistic behaviour 
of the refrigerant cycle.  
The completed cycle can then be run with different environmental conditions 
and compressor speeds in order to provide an indication of the system’s 
behaviour under various conditions. The compressor speed can be given as 
a single stationary speed or as a timetable of different compressor speeds at 
different times during the simulation. In the same way the air flow and air 
temperatures across the evaporator and condenser and be defined either 
statically or dynamically. Once all components and processes are 
dimensioned correctly and the system as a whole initialized, all relevant 
parameters may be changed and modified in order to represent a wide 
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variety of environmental as well as systematic conditions and situations that 
can be examined with the simulation results. 
Inputs for AC 
cycle
Inputs from 
NEDC
Calculation of overall 
fuel consumption
 
Figure 6.7 Vehicle simulation in Dymola/Modelica environment  
 
Concluding the simulation chapter is the final version of the vehicle 
simulation (see screenshot in Figure 6.7) as represented in the Dymola 
development environment for the Modelica simulation language. Each block 
represents a section of the overall system and performs a part of the 
calculation work that is needed to complete the simulation. This finalizes the 
preparation for the various simulations to be run and sets up Chapter 7 
where the results of the applicable simulations are discussed. 
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7 - Chapter 7 -  
Model testing and verification 
The results are divided into three separate sections, each representing a 
different system setup. The first being the vehicle simulation alone, 
calculating only the vehicle consumption with no external load. The second 
setup includes the air conditioning system driven by the mechanical 
compressor (as currently employed in production vehicles) and lastly 
considering the vehicle consumption with the electrically driven air 
conditioning system acting as the external engine load. The details of the 
results are discussed in the following sections: 
7.1 Vehicle consumption 
The first simulated system is the vehicle with no air conditioning system 
incorporated. This entails only the physical dimensions of the vehicle 
combined with the characteristics and calculations as described in the 
simulation process chapter. The NEDC cycle is used as the benchmark and 
the physical dimensions and characteristics of the vehicle is matched to that 
of the Polo 9N that is to be used as reference. Different environmental 
conditions do not play a major role in this part of the simulation and are 
therefore neglected.  
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Consumption over NEDC Duration
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Figure 7.1 Consumption in l/100km over NEDC duration 
 
The results of the simulation of the vehicle’s fuel consumption over the 
duration of the NEDC can be seen in Figure 7.1 with a total average 
consumption of 5,4 l/100km. According to the manufacturer’s specification, 
the vehicle should have an average overall fuel consumption of 
approximately 5,9 liter per 100km. Practical test results [24] have proven the 
consumption to be as low as 4,7 liters per 100km for freeway driving and as 
high as 7,6 liters per 100km for city (stop-and-go) driving. These are actual 
measured values from real driving situations and the manufacturer’s 
specifications are measured on the actual vehicle with a human driver. 
Therefore it is to be expected that the simulation results will be fairly idealistic 
in comparison to these measured values.  The resulting simulation value of 
5,2 l/100km compares very well to other simulated drive cycle results for the 
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same vehicle. In the results from two other independent studies [26 & 27] the 
overall fuel consumption for this vehicle without considering other loads on 
the engine lie between 5,2 and 5,4 liter per 100km.  
 
Figure 7.2 shows a results graph of the acceleration and the vehicle 
consumption over the duration of the NEDC. The graph shows the 
consumption indicated in liters per hour and the acceleration in meter per 
second squared over the duration of the cycle in seconds.  
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Figure 7.2 Fuel consumption & acceleration over NEDC duration 
 
As can be seen in the figure, the simulation is idealized so that the fuel 
consumption immediately becomes zero when the acceleration becomes 
negative. Theoretically this is also the case under real driving conditions in 
                                                                             
                                                                                                             83 
Nelson Mandela Metropolitan University 
School of Engineering 
 
diesel vehicles since the injection valves are closed and no fuel is injected 
into the engine whenever the driver completely releases the accelerator. As 
mentioned in the simulation process chapter, the human element remains 
unaccounted for in the simulation environment and therefore it does not 
consider the fact that the driver may not have released the accelerator 
completely or that the driver’s release reaction was delayed during 
deceleration phases.  
 
Vehicle Speed & Consumption during NEDC
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Figure 7.3 Vehicle speed & consumption over NEDC duration 
 
From Figure 7.3 it can also be seen that the consumption remains at a 
constant value when the vehicle speed drops below a predetermined level. 
The consumption “jumps” from being zero during the deceleration phase to a 
constant level during idling. This is used to represent the disengagement of 
                                                                             
                                                                                                             84 
Nelson Mandela Metropolitan University 
School of Engineering 
 
the clutch when the vehicle reaches a certain speed and the engine speed 
returns to idle speed.  
Environmental conditions like the road surface, wind speed and height above 
sea level are also left unaccounted for in the simulation, although all of these 
parameters have subtle, yet important influences on the overall fuel 
consumption. It is therefore likely that the consumption difference between 
measured values and simulation results comes from these factors.  
 
These results will be the basis for the comparison of the two air conditioning 
systems and therefore this difference is also negligible in the light of the 
overall goal of the study. When the results of the two air conditioning systems 
are compared, this value is simply an offset and will ultimately not influence 
the result of the overall comparison.  
 
7.2 Mechanical Compressor System 
This represents the conventional air conditioning systems that are currently 
used in the majority of passenger vehicles. The system that was modelled in 
this case has the same physical dimensioning as the actual system that is 
built into the 2003 model VW Polo 9N (see Comparison to simulation in 
chapter 4.4). Making use of the same vehicle model as previously discussed 
in chapter 7.1, it is possible to connect the conventional air conditioning 
system to it and determine the expected overall fuel consumption for the 
vehicle. The vehicle’s overall fuel consumption result from chapter 7.1 can 
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then be used as a reference to determine the actual increase in fuel 
consumption due to the use of the conventional air conditioning system. 
NEDC cycles were simulated for the vehicle as before with the air 
conditioning system connected to the engine as an external load. Simulations 
were run for ambient temperatures ranging from 20°C to 40°C in 5°C steps. 
This produces 5 different sets of results that represent the common range of 
temperatures in which an air conditioning system might be used. These 
results can be seen in Figure 7.4 which shows the development of the 
vehicle’s overall fuel consumption in l/100km over the duration of the NEDC.  
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Figure 7.4 Consumption with conventional AC system over NEDC duration 
 
With an ambient temperature of 20°C, the value for the average overall fuel 
consumption is at 5,6 l/100km. This implies an increase of 0,4 l/100km in the 
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overall consumption when employing the air conditioning system. Increasing 
environmental temperatures require more cooling capacity and therefore 
higher compressor power in order to deliver the necessary cooling. At 40°C 
ambient temperature, the expected average fuel consumption of the vehicle 
therefore increases to 6,6 l/100km for the duration of the NEDC. Compared 
to the average vehicle consumption of 5,2 l/100km without the air 
conditioning system from chapter 7.1, this  indicates an increase in average 
fuel consumption of 1,4 l/100km. Combining the results from all five 
simulated environmental conditions, the average increase in the overall fuel 
consumption is 0,96 l/100km for the duration of the NEDC. According to a 
European study the increase in a vehicle’s fuel consumption due to the use 
of an air conditioner is between 0,6 and 1,1 l/100km [7]. Comparing these 
values to the results of the simulation shows a very good correspondence 
and indicates that both the vehicle simulation as well as the air conditioning 
model represents the real systems with satisfying accuracy.  
7.3 Electrical Compressor System 
In order to determine the influence of the electrical air conditioning system, it 
is necessary to create an interface between the electrical compressor and 
the combustion engine. This interface is formed by the alternator and it is 
assumed that it can deliver the entire required current to the electrical motor 
at all times. The charging capacity and energy storage efficiency of the 
battery is thereby removed from the simulation and the system is greatly 
simplified. The available alternator however could not deliver the required 
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current of up to 570A and the values for the torque required at this current 
load was therefore extrapolated from the actual measured values from the 
alternator test. It is therefore important to note that these simulation results 
can only provide an estimate regarding the influence of the electrical air 
conditioning system on the overall fuel consumption and are not to be 
considered as final and irrefutable.  
 
Figure 7.5 shows the development of the overall vehicle fuel consumption 
during the NEDC for the same five environmental conditions as considered 
previously with the conventional air conditioning system.  
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Figure 7.5 Consumption with electrical AC system over NEDC duration 
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The overall consumption ranges from 5,6l/100km at an ambient temperature 
of 20°C to 7,4 l/100km at 40°C. This implies an increase of between 0,4 
l/100km at 20°C and approximately 2,2 l/100km at 40°C compared to the 
average overall consumption of the vehicle without the use of an air 
conditioning system. At this point it is to be noted that the calculated torque 
requirement for the alternator to deliver the current required by the electrical 
compressor is the result of extrapolated values from a practical test and 
therefore may be overestimated.  
Furthermore the control system for the electrical compressor was not 
included into the considerations for this project and was therefore extremely 
inefficient. Some of the required alternator current values are displayed in 
Figure 7.5 as they occur during the NEDC simulation.  
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Figure 7.6 Current requirement of the electrical AC system over NEDC duration 
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According to the extreme oscillations in the required current, the required 
torque also oscillates between extreme points. The use of a more efficient 
control system for the electrical air conditioning system could eliminate these 
extreme oscillations and thereby provide significant improvements in the 
overall efficiency of the system and considerably decrease the influence on 
the average fuel consumption. The final result of the simulations for the 
electrical air conditioning system over the NEDC show an average increase 
in the overall fuel consumption of 1,39 l/100km. This is a considerably higher 
average increase than the 0,96 l/100km that is expected from the 
conventional system and indicates significant improvement possibilities when 
taking the battery into consideration, using a more suited alternator and more 
effective control system.  
 
7.4 System comparison 
The comparison between the two systems is only possible to a limited extent 
because the electrical air conditioning system was not specifically designed 
for the use in a vehicle with a conventional 12V onboard voltage system. An 
alternator that is designed to power such a system obviously cannot deliver 
the necessary current to power the electrical compressor and this problem 
had to be solved by extrapolating the required values for the simulation. For 
this reason the simulation of the required power from the engine to drive the 
alternator to deliver sufficient current to the electrical compressor may prove 
to be greatly overestimated. This puts the electrical air conditioning system at 
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a slight disadvantage in its comparison to the very much tried and tested 
conventional system.  
Despite the disadvantages that the electrical system has in the comparison, 
its potential is not to be disregarded. A direct comparison between the 
average consumption for each system across the whole ambient temperature 
range during the NEDC is displayed in Figure 7.6.  
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Figure 7.7 Average conventional and electrical AC consumption over NEDC duration 
 
The simulation results show a 0,4 l/100km higher total average vehicle fuel 
consumption for the electrical system as compared to the conventional 
system. Furthermore it shows a calculated total average power requirement 
of the electrical system of 1932W as compared to the 1635W of the 
conventional system. This elevated power requirement of almost 300W on 
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the electrical compressor side is expected to be the result of the inefficiency 
of the control system used to represent it in the simulation. However, when 
excluding the results of the 40°C simulation while considering the total 
average power requirement for the two systems, the 300W difference is 
reversed. Then the average power requirement for the electrical system is 
1070W as compared to the 1350W of the conventional system. It is therefore 
to be assumed that the inefficiency of the control system for the electrical 
compressor is the reason for its disadvantage in comparison to the 
conventional system.  
An effective control system should be employed in order to allow for the 
compressor to be driven at its optimal operating point permanently. This will 
not only decrease the power requirement of the compressor in general, but 
also elevate the overall efficiency of the electrical system as a whole. It is 
therefore to be expected that considerable decreases in the overall power 
requirement of the electrical air conditioning system can still be achieved by 
making use of an effectively designed control system to optimize the overall 
system performance.  
 
The following chapter provides a project summary as well as a final 
conclusion with regard to the results and a short discussion on future 
developments.   
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8 - Chapter 8 - 
Summary 
The current tendency toward environmentally friendly technologies saw the 
development of hybrid vehicles that employ higher voltage onboard supply 
system than the conventional 12V systems. These higher voltage systems 
also opened new possibilities for the development of electrical aggregate 
systems that were previously not considered with conventional onboard 
supply systems. One such development is the electrical air conditioning 
compressor. This project attempted to shed some light on the subject of the 
feasibility of employing an electrical air conditioning system in a vehicle with 
a conventional 12V onboard supply system in order to reduce the overall fuel 
consumption of the vehicle. 
 
A simulation environment was developed to represent a Volkswagen Polo 9N 
and determine the expected fuel consumption of the vehicle under the driving 
conditions of the New European Driving Cycle. The simulation was extended 
to include an air conditioning system as a load on the engine for the duration 
of the driving cycle. This enables the calculation of the expected increase in 
the vehicle’s overall fuel consumption due to the use of the air conditioning 
system.  
 
An experimental setup was constructed to represent the exact conventional 
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air conditioning system as was built into the actual Volkswagen Polo test 
vehicle. Measurements from the experimental setup could then be compared 
to the results of the simulation of the air conditioning system in order to 
ensure the simulation had an appropriate level of accuracy. 
 
The simulation was then expanded by another level by adding the possibility 
to replace the mechanically driven compressor by an electrically driven one. 
By connecting the electrical compressor to the engine indirectly by means of 
the alternator, it is then also possible to determine the expected increase in 
the overall fuel consumption that will result from the use of an electrically 
driven air conditioning system. Finally a comparison can be made between 
the conventional air conditioning system and the electrical one with regard to 
their influences on the overall vehicle fuel consumption.  
 
8.1 Final conclusion 
Even though the results of the simulation show that the electrical system has 
a 0,4 l/100km higher overall fuel consumption compared to the conventional 
system, this is to be examined more closely. The control system that was 
used for the electrical compressor in the simulation was not very efficient. 
When looking at the graphs for the required current, it is clear that it is 
regulated rather ineffectively. Especially at an ambient temperature of 40°C 
the oscillations in the current level are very extreme. Considering the total 
overall power requirement of the two systems for the whole temperature 
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spectrum that was covered, the electrical system requires approximately 
300W more than the conventional system. Removing the 40°C results where 
the power is obviously regulated extremely inefficiently, shows the electrical 
system with a 300W advantage over the conventional system. Even though 
the electrical system was regulated relatively inefficiently over the entire 
temperature spectrum, it shows an advantage over the conventional system 
with regard to overall power requirement. It is therefore to be assumed that in 
combination with an effective control system, the electrical compressor 
system will show greater advantages over the conventional system. 
Furthermore the charging level and capacity of the battery was not 
considered in the simulation and the alternator was assumed to be able to 
deliver the entire required current. The characteristic curve for the alternator 
had to be extrapolated in order to provide a wide enough current spectrum to 
meet the requirements of the electrical compressor. It is therefore also to be 
assumed that the extrapolated torque values for the alternator may be 
somewhat overestimated. Using an appropriate alternator and including the 
battery into the simulation should also further improve the performance of the 
electrical system when compared to the conventional one.  
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8.2 Future prospects 
In the light of the roaming climate crisis, the expected fuel crisis and the 
increasing strictness of emission laws and environmental protection it is clear 
that clean, energy efficient solutions need to be developed in order to prevent 
further demise of our natural environment. It is to be assumed that the 
development trend in the automotive industry will remain toward hybrid 
technology as a possible transitional solution to the current problems of high 
emission values. The use of electrical air conditioning compressors is almost 
unavoidable in the case of hybrid technology because of the small 
combustion engines that are employed in these vehicles.  
The results of this project have shown the potential of the electrical 
compressor in an environment for which it is not explicitly designed. In hybrid 
vehicles the onboard electrical system operates with significantly higher 
voltages, thereby reducing the losses caused by the converter stage that is 
needed on the current 12V systems. Furthermore the alternator systems that 
are employed in hybrid vehicles are significantly more powerful and the 
combination of higher onboard voltage and a more powerful alternator is 
expected to further increase the efficiency of the electrical air conditioning 
system as a whole.   
In this project the electrical system was compared directly to the mechanical 
system by making the assumption that the electrical system would be 
required to deliver the same cooling capacity at all times as the mechanical 
system. This will not be the case under real conditions because it will always 
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be attempted to operate the electrical compressor at an optimal point. 
Incorporating an appropriate and effective control system into the electrical 
air conditioning system is expected to raise the overall energy efficiency of 
the electrical system significantly. This would require an effective acquisition 
system to determine and assess the exact cabin conditions at any given time 
and an effective control system to determine the most suitable system 
operating conditions in order to realize the desired cabin conditions in the 
most time- and energy efficient manner possible.  
 
From the results of this project it becomes clear that the disadvantages that 
the electrical system shows when compared to the conventional system is 
almost entirely due to the control system of the compressor. With all factors 
taken into account, it can be said that the electrical compressor may become 
a viable alternative to the conventional air conditioning system. Equipped 
with an efficient control system and a suitable alternator, it may prove to have 
significant potential to reduce the overall fuel consumption of a vehicle 
considerably. 
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10 - Appendix A - 
Compressor power 
Practical & simulated compressor power (air mass flow rate = 140kg/h)
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Practical & simulated compressor power (air mass flow rate = 195kg/h)
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Compressor power (continued…) 
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Practical & simulated compressor power (air mass flow rate = 230kg/h)
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Practical & simulated compressor power (air mass flow rate = 260kg/h)
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Evaporator power 
Practical & simulated evaporator power (air mass flow rate = 140kg/h)
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Practical & simulated evaporator power (air mass flow rate = 195kg/h)
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Evaporator power (continued…) 
Practical & simulated evaporator power (air mass flow rate = 230kg/h)
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Practical & simulated evaporator power (air mass flow rate = 260kg/h)
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Coefficient Of Performance (COP) 
Practical & simulated COP values (air mass flow rate = 140kg/h)
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COP (continued…) 
Practical & simulated COP values (air mass flow rate = 230kg/h)
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Practical & simulated COP values (air mass flow rate = 260kg/h)
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11 - Appendix B - 
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